on behalf of the LADIS study group BACKGROUND AND PURPOSE: The corpus callosum (CC) is the most important structure involved in the transmission of interhemispheric information. The aim of this study was to investigate the potential correlation between regional age-related white matter changes (ARWMC) and atrophy of CC in elderly subjects.
T he corpus callosum (CC) is the most important commissural tract in the brain containing myelinated axons transversing the subcortical white matter. The CC serves to unite the 2 hemispheres anatomically and functionally, and CC atrophy may be associated with cognitive and motor deficits. [1] [2] [3] [4] [5] A gradual decline in the area and width of the CC has been reported after the fourth decade of life. 6 There is a considerable interindividual variability in the area and shape of the CC in the healthy elderly. Both positive and negative results have been obtained regarding the correlation of CC cross-sectional areas to factors such as sex and handedness, [7] [8] [9] [10] [11] [12] [13] [14] [15] number of lacunes and the presence of infarcts in the cerebral hemispheres, 16, 17 and/or brain size. 18 The mechanism for CC atrophy is poorly understood, but CC atrophy may reflect pathologic changes in subcortical white matter, as reported in patients with multiple sclerosis 19 and vascular dementia. 20 In healthy elderly subjects, CC atrophy may result from axonal disruption due to white matter damage.
The association between age-related white matter changes (ARWMC) and CC atrophy was previously examined in 5 studies of the elderly with leukoaraiosis, 21 infarcts and cardiovascular risk factors, 16 Alzheimer disease (AD), [21] [22] [23] and healthy elderly controls. 16, [21] [22] [23] Each of these studies was based on relatively small sample sizes, and taken together, they have not provided a common conclusion concerning the potential influence of ARWMC on the size of the CC. For example, in 3 studies analyzing MR imaging from patients with AD, 1 study (N ϭ 15) found significant correlation between ARWMC and CC atrophy, whereas 2 studies (N ϭ 21 and N ϭ 29) did not find any significant correlation. 22, 23 In healthy elderly controls, 3 21 ,22 of 4 studies (n Յ 29) 16, [21] [22] [23] found a significant correlation between ARWMC and CC atrophy. The same association was found in a population with cardiovascular risk factors (n ϭ 14) and infarcts (n ϭ 30). 16 However, in the population of elderly subjects with leukoaraiosis (N ϭ 62), Yamauchi et al (2000) 24 did not find any significant correlation between ARWMC and CC atrophy.
The contradictory conclusions could be due to the use of different methods for segmentation and subdivision of the CC or to different rating techniques for assessment of ARWMC and CC. Small populations and the use of subjective rating scales may obscure potential correlations.
The aim of this study was to investigate the correlation between regional ARWMC and atrophy of CC subregions in a large population of nondisabled elderly subjects with leukoaraiosis.
Materials and Methods

Patient Selection
The study included 639 (mean age, 74.1 Ϯ 5 years; female/male ratio, 351/288) subjects from a mixed elderly population with ARWMC who participated in the longitudinal European multicenter study Leukoaraiosis And DISability in the elderly (LADIS) described in detail elsewhere. 25 The study involved a total of 11 European centers, either specialized memory clinics or geriatric or neurologic departments with a similar specialization. Briefly, the objective of the LADIS study was to assess the role of ARWMC as an independent predictor of the transition to disability in the initially nondisabled elderly and to describe health-related consequences of ARWMC. The study was approved by the relevant ethics committees for all participating centers. The LADIS subjects had different grades of ARWMC and no or only minor disability as assessed with the Instrumental Activities of Daily Living (IADL). 26 The enrolled subjects had been referred to neurologic, psychiatric, or geriatric departments in most cases (80%) due to various mild complaints, including mild cognitive symptoms, minor cerebrovascular events, or other neurologic complaints. About 10% of the participants were healthy elderly controls from other studies, and in a few cases, contact was made due to complaints of gait disturbance or mood alterations (minor depression). The ARWMC were initially identified on their cranial MR imaging or CT. The LADIS aimed to have a balanced enrollment regarding the severity of ARWMC based on the Fazekas score. 27 The criteria for inclusion were the following: 1) age between 64 and 85 years, 2) presence of ARWMC on MR imaging or CT, 3) no or only mild functional disability determined by the IADL scale (IADL score Յ1), 4) the presence of a regularly contactable informant, and 5) informed consent.
Exclusion criteria were the following: 1) subject likely to drop out because of the presence of severe illness (cardiac, hepatic, or renal failure; cancer; or other relevant systemic diseases), 2) severe unrelated neurologic diseases, 3) leukoencephalopathy of nonvascular origin (immunologic-demyelinating, metabolic, toxic, infectious, other), 4) severe psychiatric disorders, 5) inability to give an informed consent, and 6) inability or refusal to undergo cerebral MR imaging.
All subjects underwent a medical interview, clinical examination, and MR imaging. The present article was based on the baseline clinical and MR imaging data.
MR Imaging
The MR imaging protocol consisted of 3D sagittal or coronal T1-weighted magnetization-prepared rapid acquisition of gradient echo (MPRAGE) images (TE ϭ 4 -7 ms, TR ϭ 10 -25 ms, TI ϭ 100 -950 ms, flip angle ϭ 10°-30°, voxel size ϭ 1 ϫ 1 ϫ 1-1.5 mm 3 , FOV ϭ 250 mm), axial T2-weighted fast spin-echo (FSE) images (TE ϭ 100 -120 ms, TR ϭ 4000 -6000 ms, FOV ϭ 250 mm), and fluid-attenuated inversion recovery (FLAIR) images (TE ϭ 100 -140 ms, TR ϭ 6000 -10,000 ms, TI ϭ 2000 -2400 ms, FOV ϭ 250 mm). For the FSE and FLAIR measurements, the in-plane resolution was 1 ϫ 1 mm and the section thickness ranged from 5 to 7.5 mm (section gap, 0.5 mm). The scans were acquired on 0.5T (1 center) or 1.5T scanners (10 centers).
Of the 639 subjects included in the LADIS study, only 578 (female/male ratio, 313/265) had undergone MR imaging, which allowed segmentation of the CC and subsequent comparison of MR imaging with clinical data (Tables 1 and 2 ). A total of 61 subjects were excluded due to the following: The MPRAGE dataset was unavailable or incomplete in 43 subjects or of insufficient quality (6 subjects); or the FLAIR dataset was unavailable or incomplete (5 subjects) or of insufficient quality (3 subjects); and 4 subjects were excluded due to lack of relevant clinical data such as sex, age, and handedness.
Assessment of ARWMC Load, Lacunes, and Infarcts
Definition of Anatomic Regions of the Brain. Anatomic regions (frontal, parietal, temporal, occipital, basal ganglia, and infratentorial region) were manually defined by using definitions from anatomic atlases on a T1-weighted template (Fig 1) . The definitions of the anatomic regions were based on those used for the Scheltens scale. 28 In short, the central sulcus acted as a dividing point between the frontal and parietal lobes down to the level at which the CC (splenium) became apparent. The Sylvian fissure functioned as the border between the frontal and the temporal lobe regions. The border between the basal ganglia and the temporal lobe was a straight line from the end of the Sylvian fissure to the cisterna ambiens. The infratentorial region was surrounded by CSF acting as the border. The division between the parietal and occipital region was defined on the basis of the parietooccipital sulcus. For comparison, the group-averaged distribution of ARWMC is also illustrated in Fig 1. Volumetric Assessment of Regional ARWMC Load. Volumetric analysis of ARWMC was performed on axial FLAIR images by using a semiautomated volume measurement based on local thresholding. 29 The analysis was performed by a single rater (E.C.W.v.S.) who was blinded to clinical details. This rater had previously evaluated other datasets and was experienced regarding both the software and the radiologic features. To achieve the volumetric assessment of regional ARWMC load, we normalized structural FLAIR and T2-weighted data to the standard T2-weighted template of SPM2 (http://www.fil. ion.ucl.ac.uk/spm/spm2.html) by using a 12-parameter affine transformation. A study-specific template was then created by averaging the normalized data and was used in a second pass to create the final normalized images. The delineated regions were transferred to the study-specific template by using 12-parameter spatial transformations. For each subject, the regional volume of ARWMC could then be calculated by combining the anatomic regions and the semiautomatically delineated ARWMC regions by using the logical "and" operation. The Fazekas Rating Scale. Visual rating of the changes in cerebral subcortical white matter (from mild to severe) was determined on the FLAIR images by using a revised version of the Fazekas rating scale. 26 The scale includes score 1 (mild, single lesions Ͻ10 mm and areas of "grouped" ARWMC Ͻ20 mm in any diameter); score 2 (moderate, single hyperintensities between 10 and 20 mm; areas of grouped lesions Ͼ20 mm in diameter and no more than "connecting bridges" between individual lesions); and 3 (severe, single lesions or confluent areas of ARWMC Ն20 mm in diameter). All ratings were performed by an experienced rater (E.C.W.v.S.) blinded to the clinical data. Assessment of Lacunes and Infarcts. For the subsequent statistical analysis, the number of infarcts and lacunes was used as covariates. Lacunes were defined as hypointense foci Ն3 mm on MPRAGE that were surrounded by subcortical gray matter or white matter and not located in areas of a high frequency of widened perivascular spaces. 30 Infarcts were also counted (Table 1) , and the assessment was performed by the same rater who evaluated ARWMC volumes and ratings. Assessment of General Atrophy. To ascertain the independent effect of ARWMC on CC atrophy, we obtained measures of global atrophy. Ventricular and sulcal atrophy was rated separately by using a template-based rating scale ranging from 1 (no atrophy) to 8 (severe atrophy). This rating scale was developed and validated for FLAIR scans, because these are generally most likely to be present in all pa- tients, regardless of whether the study is a prospective trial or a retrospective survey. Intrarater repeatability was assessed on the basis of double readings of 50 randomly selected scans. Similarly, inter-rater repeatability was assessed from the readings of the same scans by 3 other persons. For the current observer (R.S.), the intrarater value was Ͼ0.9 for both sulcal and ventricular atrophy; in general, the inter-rater value was 0.70 for sulcal and 0.83 for ventricular atrophy.
CC Area Measurement
The CC was automatically segmented and subsequently fully automatically divided into distinct subregions (Fig 2) according to a fixed scheme, as described in detail in a previous publication. 4 Briefly, to measure the CC area, we stereotactically normalized all MPRAGE images to a reference T1-weighted image positioned in Talairach orientation 31 with a 12-parameter affine transformation to correct for interindividual variability in the brain size and orientation. For each subject, the results of the normalization to parenchymal brain volume were checked manually by comparing the location of 6 marker points on the surface of the brain in relation to the template. The CC was localized in an automatic way on the midsagittal section of the MPRAGE dataset by using the learning-based Active Appearance Models. 32 An expert reviewer unaware of the clinical status subsequently corrected for any inaccuracies. Finally, the CC was automatically divided into 5 subregions. To find a suitable origin for the radial dividers, one rotates the CC into a coordinate system in which the x-axis is parallel to the longest axis (the first principal axis) of the structure and divides it into fractions containing the superior 95% and inferior 5% of the total area; the y-axis of the coordinate system passes through the center of gravity. Radial dividers with equal angular spacing were used to subdivide the CC into rostrum and genu (CC1), rostral body (CC2), midbody (CC3), isthmus (CC4), and splenium (CC5). The area of each segment was calculated automatically. Furthermore, to better illustrate the regional specificity between CC atrophy and ARWMC, we subdivided the CC into 10 regions by using a similar method (Fig 3) .
Statistical Analysis
The correlation of the total and 5 regional CC areas with regionalized ARWMC load was examined by using the General Linear Model (GLM), adjusted for age, recruiting center, handedness, number of infarcts, and number of regional lacunes ( Table 2 ). The visual scores for sulcal and ventricular atrophy were also included as covariates. Data from the infratentorial region were not analyzed because of the scarcity of ARWMC. Furthermore, due to the skewness of the distribution, the ARWMC load was calculated as the natural logarithm of the ARWMC volume. Handedness correction was performed because there is evidence that the CC is larger in left-handers, independent of cognitive function. 15 Analysis of variance (ANOVA) was used to compare differences in mean total CC areas for subjects rated according to the Fazekas scale (Fig 4) . Furthermore, a color-coded diagram of the CC was made (Fig 3) . The CC was color-coded from blue, to green, to yellow, to red with respect to the magnitude of the regression coefficients between the ARWMC load in the different brain regions and the areas of the CC subregions, resulting from the GLM described previously.
All statistical analyses were carried out by using the Statistical Package for the Social Sciences software, Version 12 (SPSS, Chicago, Ill), and a value of P Ͻ .05 was considered statistically significant for individual comparisons. In the main analysis of CC subregions versus regional ARWMC load, a total of 36 regression analyses were performed, and a strict Bonferroni correction would, therefore, lead to a significance threshold of P Ͻ .0014. However, this is an estimate of the lower bound of the threshold because these comparisons are not independent.
Results
Patient Characteristics and ARWMC Ratings
Patient characteristics are summarized in Table 1 . There were 578 subjects (313 women). Their mean age was 74 Ϯ 5 years, and their Mini-Mental State Examination score was 27 Ϯ 2. Of the 578 subjects, 524 were right-handed, 27 were left-handed, 26 were ambidextrous, and 1 subject was not classified. For most subjects (n ϭ 260), the ARWMC were rated as grade 1 according to the Fazekas scale, 178 were rated as grade 2, and 140, as grade 3. The mean total CC area was 643 Ϯ 135 mm 2 , and the total mean volume of ARWMC in the brain was 24.0 Ϯ 25.0 mL (Table 2) . Most ARWMC were found in the frontal lobe region (14.7 Ϯ 15.4 mL).
Before we applied ANOVA and subsequently the GLM, the One-Sample Kolmogorov-Smirnov Test verified normal distribution of all CC areas and log-transformed ARWMC measurements in the basal ganglia, frontal lobes, occipital lobes, parietal lobes, and temporal lobes. An ANOVA test revealed that only subjects rated as grade 3 on the Fazekas scale had significantly smaller total CC areas (P Ͻ .001) relative to subjects rated as grades 1 and 2 (Fig 4) .
In the GLM analysis, age, handedness, recruiting center, number of infarcts, number of lacunes, and ratings of sulcal and ventricular atrophy were entered as covariates. With the inclusion of these variables, there was a low but significant correlation between the total CC area and the total ARWMC load in the brain (r ϭ Ϫ0.13; P Ͻ .004). More pronounced correlations were found for the rostral and splenium subregions (CC1 and CC5); most of these findings remained significant even with strict Bonferroni correction (P Ͻ .0014) (Table 2). For these subregions, the correlations were of similar magnitude for all regional ARWMC values; thus, they did not exhibit a regionally specific pattern. No significant correlations were found for the middle parts of CC (CC3 and CC4). All the significant results were in the expected direction (ie, high volume of ARWMC predicted small CC areas).
The overall pattern of the correlations is illustrated in Fig 3, showing the results of analyzing a finer subdivision of the CC with a similar GLM approach.
Among the other covariates entered, significant correlations were found only for the categoric variable "recruiting center" and for the rating of ventricular atrophy. Although the center effect was associated with all CC subregions, the effect of ventricular atrophy generally was only associated with CC1, CC4, CC5, and total CC-area. No significant correlations were found for age, handedness, number of infarcts, number of lacunes, or rating of sulcal atrophy.
Discussion
With data from 578 subjects, this is the largest study to date that investigated the association between ARWMC volume and CC atrophy. We found that in nondisabled elderly subjects with very-mild-to-pronounced degrees of leukoaraiosis, there was a highly significant correlation between the total volume of ARWMC and rostral and splenium cross-sectional areas of the CC, indicating that increasing loads of ARWMC are associated with CC atrophy. This association remained significant after correction for a number of potential confounders, notably sulcal and ventricular atrophy.
For most brain regions (except the basal ganglia region), the volume of ARWMC was significantly correlated with the area of certain CC subregions, but we were unable to identify any regional specificity as regards the location of ARWMC. However, ARWMC seemed to be associated with CC tissue loss, mainly in the frontal and posterior part of the CC, whereas the size of the CC truncus was not associated with the volume of ARWMC.
Potential limitations of the present study should be mentioned. Most important, the regions chosen for ARWMC analysis may not well reflect the functional distribution of the CC axons. Furthermore, it is a cross-sectional study, and it is possible that a regional specificity of CC atrophy regarding the topographic location of ARWMC would have been better identified in a longitudinal design.
Nevertheless, our results are in accordance with the studies of Yamauchi et al (1994 and 1995) . 20, 33 They reported that callosal atrophy occurs in patients with cerebrovascular disease. In contrast, Pantel et al (1998) 34 failed to demonstrate significant differences between vascular dementia and controls with respect to global and regional callosal size. This failure may be explained by a greater heterogeneity of the vascular dementia sample, which included patients with extensive white matter disease as well as patients with cortical infarcts.
In previous studies of patients with AD, a relationship between the ARWMC load and the size of the CC area was not clear. 16, 22 Meguro et al (2000) 16 found that ARWMC were correlated with CC atrophy in healthy elderly subjects and in patients with AD. On the contrary, Teipel et al (1998) 22 reported that ARWMC were not correlated with CC atrophy in patients with AD but only in healthy elderly adults.
The present study used a multicenter design that allowed the inclusion of a large cohort of patients at the price of some variability in the choice of scanning parameters. This variability may have lead to center-specific effects that could influence the results to some extent. However, it should be noted that the main results were derived from semiautomated procedures that should be less susceptible to variability caused by minor differences in signal intensity. Furthermore, the recruiting center was included as a categoric variable in the statistical analysis, to minimize the risk of finding spurious associations caused by center-specific differences.
Earlier investigations of CC anatomy have been affected by methodologic weakness, including small sample sizes, different models for subdivision of CC, and analytic approaches that failed to account for the influences of other factors such as brain size and age. We used an automatic method for segmenting the CC, and this method, combined with a large sample size (N ϭ 578) and statistical control for age, handedness, number of lacunes and infarcts, should give reliable results concerning ARWMC load and CC atrophy. All our CC measures were controlled for whole brain volume because the CC assessment was normalized to parenchymal brain size. Therefore CC atrophy was not simply an element of diffuse brain atrophy. Furthermore, the use of quantitative measures may offer a better basis for investigation of the potential correlation between ARWMC in different brain regions and CC atrophy compared with different rating techniques.
The finding of a statistically significant impact of ARWMC load on CC atrophy was important and suggests that the volume of ARWMC is a predictor of CC atrophy. However, the correlation coefficients were small in absolute terms, showing that ARWMC is not the main determinant but that other factors, such as atrophy, may contribute to degeneration of the CC.
Furthermore, our study showed that in patients with severe ARWMC, a marked degeneration of the CC occurs. The coupling between ARWMC and CC atrophy suggests that subcortical changes have an effect on cortical connectivity in nondisabled elderly subjects with leukoaraiosis. Therefore, CC atrophy in this population may be an indicator for reduced neocortical functional integrity, which may be associated with some of the cognitive and motor deficits observed in this population.
4,5
Conclusion
In this large study of nondisabled elderly subjects with leukoaraiosis, increasing loads of ARWMC volume were significantly correlated with atrophy of the CC and its subregions. However, the correlation between ARWMC volume and CC subregions was not specifically related to the topographic location of ARWMC. The results suggest that ARWMC may be partly responsible for CC atrophy.
Future research could include other methods (ie, tractography) for investigating the potential topographic relationship between ARWMC and CC size. Furthermore, prospective longitudinal studies of increasing ARWMC load and regional atrophy on the CC structure and function should be performed.
